Immunological cross-reactivities among intracellular proteins, sulfite reductase and hydrogenase, and somatic antigens of Desulfovibrio strains were investigated. Antisera were prepared against purified sulfite reductases of Desulfovibrio vulgaris, strain Miyazaki K (MK), and strain Miyazaki F (MF). In double diffusion test, these two antisera (r-globulin fractions) gave a single fused precipitin line or sometimes with a spur, or crossing. These variants occurred with crude extracts from D. vulagaris, strains MK, MF, Miyazaki Y (MY), and HildenboroughT (subsp. vulgaris), D. desulfuricans subsp. desul furicans, strains Essex 6T, NRC 49001, and Norway 4, D. gigas NCIB 9332T, I). africanus BenghaziT, and D. salexigens British Guiana', as well as with the purified enzymes from MK and MF. The relationship among these sulfite reductases is discussed considering the pattern of spur formation. Sulfite reductase activity in crude extracts from these strains was decreased by adding the two antisera, though the levels of decrease varied with strains. Antiserum against hydrogenase from MK cross-reacted with hydrogenases from strains Hildenborough and NRC 49001 but not with those from the other strains. Agglutination tests with antisera prepared against somatic antigens of the three strains, MK, Hildenborough, and MF, revealed that cross-reaction among strains was rather restricted. The three strains, MK, Hildenborough, and NRC 49001, shared common somatic antigens and the two strains, MF and MY, had others in common, but the cells of the other strains were not agglutinated with these antisera.
Immunological cross-reactivities among intracellular proteins, sulfite reductase and hydrogenase, and somatic antigens of Desulfovibrio strains were investigated. Antisera were prepared against purified sulfite reductases of Desulfovibrio vulgaris, strain Miyazaki K (MK), and strain Miyazaki F (MF). In double diffusion test, these two antisera (r-globulin fractions) gave a single fused precipitin line or sometimes with a spur, or crossing. These variants occurred with crude extracts from D. vulagaris, strains MK, MF, Miyazaki Y (MY), and HildenboroughT (subsp. vulgaris), D. desulfuricans subsp. desul furicans, strains Essex 6T, NRC 49001, and Norway 4, D. gigas NCIB 9332T, I). africanus BenghaziT, and D. salexigens British Guiana', as well as with the purified enzymes from MK and MF. The relationship among these sulfite reductases is discussed considering the pattern of spur formation. Sulfite reductase activity in crude extracts from these strains was decreased by adding the two antisera, though the levels of decrease varied with strains. Antiserum against hydrogenase from MK cross-reacted with hydrogenases from strains Hildenborough and NRC 49001 but not with those from the other strains. Agglutination tests with antisera prepared against somatic antigens of the three strains, MK, Hildenborough, and MF, revealed that cross-reaction among strains was rather restricted. The three strains, MK, Hildenborough, and NRC 49001, shared common somatic antigens and the two strains, MF and MY, had others in common, but the cells of the other strains were not agglutinated with these antisera. AKFTAGAWA, KG, Io, KORAYASHI, and ISHIMOTO VOL. 31 Many species of genus DesulJovibrio, non-spore-forming sulfate-reducing bacteria, contain cytochrome c3 and a green sulfite reductase called desulfoviridin. These two pigments have been used as diagnostic proteins to identify these species (1-3).
Cytochrome c3 from the strains of Desu fovibrio shares some common physical and chemical properties (2). Recently, SINGLETON et al. have shown that all of the cytochrome c3 tested exhibits some degree of immunological cross-reaction in enzyme-linked immunoadsorption assay (4). On the other hand, hydrogenases of this genus have rather diverse properties (2, 5-7) and showed only a limited cross-reaction in our preliminary study (6). Cell-surface antigens of Desulfovibr•io have also been reported to be generally strain-specific although limited cross-reactions may occur within some species (8, 9).
The physical and catalytic properties of the sulfite reductases are generally common to several strains of Desulfovibrio (10-15). The structure of the sulfite reductase as well as cytochrome c3 may have been better conserved during evolution than other cellular components because these two proteins are essential for sulfate respiration (2) . In this paper we tested that possibility by immunological techniques using antisera against sulfite reductases, a hydrogenase, and somatic antigens. Antisera (y-globulin fractions) raised against two sulfite reductases from strains, D. vulgaris, M K and M F, showed wide cross-reactivity with extracts from ten strains of this genus in double diffusion and immunotitration of the enzyme activity. On the other hand, antisera prepared against somatic antigens of three strains, MK, MF, and D. vulgaris Hildenborough, agglutinated cells of only a few of the strains tested.
MATERIALS AND METHODS
Cultivation of bacteria. The Desulfovibrio used in this study are listed in Table 1 . In this paper, the species names, D. gigas, D. of ricanus, or D. salexigens, are used to refer to their respective strains listed in Table 1 .
All strains except D. salexigens were cultivated in a deep layer of a lactateammonium sulfate-Polypepton medium (16). This medium with 2.5°c NaCI added was used for D. salexigens, D. africanus and, D. salexigens were cultivated at 30°C and the other strains at 37°C.
Enzyme assay. Sulfite reductase was assayed at 30"C by manometric measurement of hydrogen uptake with hydrogenase and methyl viologen as electron carriers (17). The main compartment of a Wa.rburg vessel contained 1 µmol of methyl viologen, 1 to 2 units of hydrogenase (6), and 80 /Lmol of potassium phosphate buffer, pH 6.0. The center well contained 0.1 ml of 2000 KOH. After the gas phase was replaced with hydrogen, the reaction was started by adding 5 , tmol of sodium bisulfite from the side arm. The total volume of the reaction mixture was 1.0 ml. One unit of sulfite reductase was defined as the amount which con-sumed 1 µmol of hydrogen per min.
The amount of sulfite reductase was also measured spectrophotometrically by the method of KoBAYASHI et al. (17) . This amount is given in desulfoviridin units as defined by the expression: [A628-(A608 H--A648)/2] x volume in ml. The expression, [A637-(A617+A6s7)/2] x volume in ml, was used for D. africanus.
Protein determination. Protein was determined by the method of BRADFORD (18) with bovine serum albumin as a standard. Preparation of cell free extracts. Cells of Desulfovibrio spp. harvested by centrifugation were washed twice with 0.05 M Tris-HCI, pH 8.0, suspended in 2 volumes of the same buffer containing 0.001 % DNase I, and sonicated at 20 kHz and 133 W for 5 min with a sonic disintegrator (Tomy UR-150P). The sonicate was centrifuged at 20,000>< g for 20 min, and the resulting supernatant was further centrifuged at 105,000>< g for 2 hr. The supernatant obtained was called 5105 or the soluble fraction.
Immunological methods. Rabbit antisera against the sulfite reductases and somatic antigens were raised by the method of HURN and CHANTLFR (19) . Sulfite reductase of D. vulgaris MK (11) kindly supplied by Dr. Seki of our laboratory was used for immunization. The enzyme of D. vulgaris MF, purified as described previously (15), was applied to polyacrylamide gel electrophoresis. A main green band was taken out as a slice, homogenized with phosphate-buffered saline (PBS, 10 mM sodium phosphate buffer, pH 7.2, containing 0.15 M NaCI), and used for immunization.
Cells of D. vulgaris MK, MF, and Hildenborough grown as described above were harvested by centrifugation, washed twice with PBS and suspended in PBS. This suspension was diluted with PBS, until the A660 reached 2.0. The cell suspensions were heated in boiling water for 2 hr, followed by the addition of 1 volume of PBS containing 0.600 formalin and used for immunization to obtain antisera against somatic antigens. Antiserum against periplasmic hydrogenase of strain M K was prepared as described previously (6).
All antisera obtained were heated at 56°C for 30 min to destroy complement and stored at -80°C.
Antisera raised against sulfite reductases were further fractionated with ammonium sulfate; r-globulin fractions were obtained by precipitation at 4600 and at 4000 saturation from the antisera against the MK and MF enzymes, respectively. These antiserum preparations were used in all anti-sulfite reductase experiments.
A double diffusion test (20) was carried out on 1.200 agar in PBS containing 0.1 sodium azide. Precipitin patterns were interpreted as described by GASSER and GASSER (21) .
For the titration test of sulfite reductase, a soluble fraction (S105) was preincubated with various amounts of antibody overnight at 4°C. The precipitate formed was centrifuged and the enzyme activity in the supernatant was measured. Inhibition of hydrogenase by antiserum was measured as described previously (6).
For the agglutination test, washed cells were suspended in PBS containing 1 % formalin and the A650 of the suspension was adjusted to 2.0. Twenty µl of the suspension was mixed with 20 µl of a 2-fold serial dilution of antiserum in a microtiter plate. PBS was used as a control for antiserum. After incubation overnight at room temperature, the highest dilution of antiserum to show agglutination was used as an agglutination titer.
RESULTS

Antigenic cross-reactivity between sulfite reductases
We prepared antisera against sulfite reductases from D. vulgaris strains M K and M F by injecting their purified preparations into rabbits and investigated the cross-reactivities of these antisera (r-globulin fractions) with sulfite reductases in crude extracts from several strains of Desulfovibrio.
Ouchterlony's immunodiffusion tests revealed that the two antisera gave single precipitin lines against all soluble fractions (S105) obtained from the 10 strains listed in Table 1 and against the purified enzymes used for immunization. Some typical precipitin lines are shown in Fig. 1 . This indicates that there is a cross-reacting material in each soluble fraction. As shown below the material precipitated must be sulfite reductase.
When 5105 fractions from different strains were placed in the wells adjacent to each other in double diffusion experiments (see Fig. 1 ), three precipitin patterns appeared ( Fig. 2A) : a) complete fusion of precipitin lines without spur formation, b) partial fusion of the lines with a single spur, and c) partial fusion of the lines with two spurs or crossing of the two lines. Complete fusion (a) indicates apparent immunological equivalence in the two antigens: a close relationship is present between them. Formation of a spur (b) suggests that the antigen on the side with the spur has fewer antigenic determinants in common with the antigen used for immunization than the antigen without a spur on the other side: the latter antigen may be considered to have a closer relationship to the antigen used for immunization than the former. Formation of two spurs (c) suggests that the two antigens possess some common antigenic sites, but that other antigenic sites recognized by the antibody are shared only by each antigen and the antigen used for immunization. Crossing of the two precipitin lines (c) indicates that antigenic determinants recognized by the antibody are independent of each antigen. Practically, the presence or absence of partial fusion was difficult to determine, and both cases were grouped into a precipitin pattern (c).
Precipitin patterns of all the combinations of the extracts tested are summarized in Fig. 2B and 2C with the symbols shown in Fig. 2A . It was revealed that three strains, MK, Hildenborough, and NRC 49001, had a cross-reacting material or sulfite reductase with almost antigenically equivalent determinants. Sulfite reductases of the two strains, MF and MY, also had other determinants in common with each other. The following order of decreasing antigenic similarity of each sulfite reductase to the MK enzyme was deduced from t1, D. gigas. I). afi°icanu!s, Norway 4, 1). salexigens sulfite reductases. These orders reflect the possession, by the heterologous sulfite red uctases in question, of a decreasing number of common antigenic sites shared with MK or MF sulfite red uctase. Figure 3 shows the titration curves of the sulfite reductase activity of the 5105 fractions from I)esulforihrio spp, by the antisera.
With increasing antisera (rglobulin fractions) the remaining activity in the supernatant fraction after centrifugation was diminished, accompanied by the formation of a green precipitate.
With the antiserum against MK sulfite reductase, the S105 fractions from MK, Hildenborough, and N RC 49001 gave similar titration curves (Fig. 3A) . The order of decreasing extent of the immunoprecipitation was the same as that of de- In strain Norway 4 which contains not desulforviridin but desulforubidin as sulfite reductase (22), about 10 00 of the sulfite reductase activity was lost when 5105 fractions containing 94 and 44 m units of the activity were titrated respectively with 13.7 mg of the antiserum (r-globulin fraction) against M K enzyme and 13.9 mg of the antiserum (r-globulin fraction) against M F enzyme.
These facts confirmed that the crossreacting materials in the extracts tested were indeed sulfite reductases.
In the case of D. salexigens the activity was hardly diminished in the range tested. The formation of the precipitin band with the extract of this strain in the Ouchterlony Soluble fractions (S105) of the extracts from strains of Desulfovibrio were preincubated with various amounts of antisera (r-globulin fractions) against the MK (A) and MF (B) enzyme overnight at 4°C and the sulfite reductase activity in the supernatants obtained by centrifugation were assayed under the standard conditions.
Desulfoviridin was determined from the absorption spectrum of the S1o5 fractions (see MATERIALS AND M ETUODS). The residual activity was plotted against the amount of the antiserum per desulfoviridin unit of SioS fraction. Si05 fractions were prepared from the following strains: I_. AKETAGAWA, KOJO, KOBAYASHI, and IsuIMOr0 VOL. 31 test (Fig. 1) may be due to the precipitation of a slight portion of the enzyme protein, which would not cause apparent loss of the enzyme activity in this titration experiment, since it has been reported that the content of sulfite reductase is fairly high and the specific activity is low in D. vulgaris (15) and D, gigas (13, 14) . Antigenic cross-reactivity between hydrogenases. In a previous paper (6), we prepared antiserum against periplasmic hydrogenase from D. vulgaris MK, and investigated the cross-reactivities of some hydrogenases from Desulfovibrio strains with the antiserum. In the Ouchterlony double diffusion test and the immunotitration test of the enzyme activity, hydrogenases from Hildenborough and NRC 49001 cross-reacted with the antiserum, but the enzymes from MF, MY, and Essex 6 did not (6).
In this study, we examined the cross-reactivity of the antiserum with hydrogenases from the other strains. With both the Ouchterlony and immunotitration tests, it was revealed that at least in soluble fractions from Norway 4, D. gigas, D. africanus, and D. salexigens there was no cross-reacting hydrogenase with the antiserum (data not presented).
Antigenic cross-reactivity between somatic antigens. To determine whether antigenic similarities were present among the somatic antigens of Desulfovibrio strains compared with intracellular proteins, sulfite reductase and hydrogenase, we measured the agglutination titers of antisera against somatic antigens. The antisera were raised against heat-treated cells of three strains, MK, Hildenborough, and M F.
As shown in Table 2 , both of the antisera against somatic antigens from MK and Hildenborough readily agglutinated the cells of MK, Hildenborough, and NRC 49001 but not MF and MY cells. On the other hand, the antiserum against the somatic antigen from MF readily agglutinated the MF and MY cells but not In all cases the titer with pre-immune serum was not more than 16. These facts show that the three strains, MK, Hildenborough, and NRC 49001, and the two strains, M F and MY, have respective sets of common somatic antigens and that the two sets are distinct from each other.
DISCUSSION
The immunological relationships among sulfite reductases, hydrogenases, and somatic antigens in the strains of Desulfovibrio obtained in this study are summarized in Table 3 . Both of the antisera against M K and M F sulfite reductases cross- Table 3 . Immunological relationships among strains of Desulfovibrio. AKETAGAWA, Kojo, KOBAYASHI, and ISHIMOTO VOL. 31 reacted with the extracts from all of the strains tested. This indicates that the sulfite reductases from Desulfovibrio share common antigenic determinant(s). The enzymes from strain Norway 4 and D. africanus were included. The Norway 4 enzyme, desulforubidin, is different from desulfoviridin (22) and the D, afrieanus enzyme has an abnormal absorption maximum at 636 nm (23) and an electrophoretic mobility different from other desulfoviridins (24).
On the other hand, the hydrogenases of Desulfovibrio spp., which had rather different physicochemical properties from strain to strain (2, 5-7), showed limited cross-reactions with antiserum against the enzyme of strain MK (6). Differences in properties and quantity among thiosulfate reductases of strains of this genus have also been reported (16). Besides the antigenic similarity shown in this study, all desulfoviridins may have similar subunit structure (15). These facts suggest that the structure of the sulfite reductase of Desul f t~vibrio has been conserved better than other cellular components during evolution.
Three species of Desulfovibrio, D. baculatus, D, sapovorans, and D. baarsii, have no desulfoviridin (1). These species should have a sulfite reductase, as it is essential for sulfate reduction. Whether antigenic similarities exist or not between the enzymes of the above species and those studied in this work remains to be clarified.
ABDOLLAHI and NEDWELL have reported that in immunodiffusion a single apparently genus-specific antigen is present in 36 strains among the 38 strains of Desulfovibrio tested (8). As they suggested that this was not a surface antigen, it might be a sulfite reductase, considering our result. Cytochrome c3 which serves as an electron carrier for the sulfate-reducing system has been reported to show rather wide cross-reactivity in enzyme-likned immunoadsorption assay (4). In contrast to sulfite reductase, the cross-reaction did not necessarily result in precipitation.
It has been shown that among the Desulfovibrio strains tested, the three strains, D. vulgaris M K and Hildenborough and D. desulfur/cans N RC 49001, form one group in terms of the antigenic similarities of hydrogenase (6), sulfite reductase, and somatic antigens (Table 3) . D. vulgar/s as well as D. desulfuricans is presumed to be heterogeneous on the basis of antigenic diversities of its Cytochrome ('3 (4), hydrogenases (6), and cell-surface antigens (8, 9). The existence of the homology among the three strains across these two species advises us to reassess the current classification of these species.
Desulfovibrio has been classified on the basis of taxonomic characters including morphology, utilization of carbon sources, and DNA base composition (1, 3). The taxonomic relationships among Desulfovibrio spp, were discussed according to the sequence homology of Cytochrome C3 (25) and the cellular fatty acid composition (26). But the discussions were based on data from only one strain in each species. SKYRING et al. used numerical taxonomic techniques to study the relationships between 92 isolates of both non-spore-forming and spore-forming 
